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Abstract 
 The originality of creativity measured by divergent thinking (CMDT) is a unique 
variable that is positively correlated with psychometric intelligence and other 
psychological measures. Here, we aimed to determine the associations of CMDT 
originality/fluency scores and brain activity associated with working memory (WM) and 
simple cognitive processes during the N-back paradigm in a cohort of 1221 young adults. 
We observed that originality/fluency scores were associated with greater brain activity 
during the 0-back simple cognitive task and 2-back WM task in key nodes of the ventral 
attention system in the right hemisphere. Further, subjects with higher originality/fluency 
scores showed lower task-induced deactivations in areas of the default mode network, 
especially during the 2-back task. Psychological analyses revealed the associations of 
originality/fluency scores with both psychometric intelligence and systemizing. We also 
observed the effects of interaction between sex and originality/fluency scores on 
functional activity during the 0-back task in posterior parts of the default mode network 
together with other areas as well as simple processing speed. These results indicate that 
the originality of CMDT is associated with (a) greater activation of the ventral attention 
system, which is involved in reorienting attention and (b) reduced task-induced 
deactivation of the default mode network, which is indicative of alterations in attentional 
reallocation, and (c) cognitive correlates of originality of CMDT and revealed sex 
differences in these associations.  
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Introduction 
Creativity has been essential for the development of human civilization. In 
laboratory settings, creativity is commonly measured by divergent thinking tests 
(creativity measured by divergent thinking [CMDT]). Divergent thinking involves 
information retrieval and call for a number of responses to a certain question (Guilford, 
1967). A meta-analysis demonstrated that performance on divergent thinking tests 
predicts creative achievement in real-life settings well, suggesting the validity of 
divergent thinking tests (for the meta analysis, see Kim, 2008). However, the effect size 
of the relationship between divergent thinking performance and “real-life” creative 
achievement tends to be weak in general (for review, see Kim, 2006). 
 One interesting characteristic of individuals with greater creativity is that they 
often exhibit unique associations of CMDT with attentional processes. Some of these 
associations are common to subjects with low working memory capacity (WMC), 
although there are no studies, to the best of our knowledge, showing a negative 
correlation between creativity and WMC. For example, individuals with greater 
creativity demonstrated greater difficulty with selective attention tasks (Necka, 1999), 
and subjects with higher creativity for poetry were worse at ignoring irrelevant stimuli 
(Kasof, 1997), which is also common in subjects with low WMC (Conway et al., 2001). 
Further, studies using a dichotic listening paradigm, in which subjects must attend to 
information presented to one ear and ignore the information presented to the other ear, 
have also reported subjects with greater creativity are worse at ignoring the stimuli from 
the unattended ear, which is also the characteristic of subjects with lower WMC (Dykes 
and McGhie, 1976; Rawlings, 1985). Numerous other psychological metrics have 
revealed an association between the breadth of attention and greater creativity 
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(Friedman et al., 2003). In addition, some clinical studies have found that attention 
deficit and/or hyperactivity are also associated with both lower WMC and greater 
creativity (Kuntsi et al., 2001; Shaw, 1992; White and Shah, 2006). In addition, 
reducing attention deficit/hyperactivity using Ritalin also reduced creativity, while 
improving WMC (Mehta et al., 2004; Swartwood et al., 2003). Yet other studies have 
reported that creative subjects show slower responses in ill-defined tasks or tasks 
requiring inhibition of irrelevant information, but faster responses in tasks without such 
requirements and on the basis of these findings, it is suggested creative subjects may be 
able to focus or defocus attention more efficiently depending on task demands (Benedek 
et al., 2012; Vartanian, 2009). . Interventional studies have also reported that training 
paradigms aimed at broadening attention can improve creative performance (Memmert, 
2007; Takeuchi et al., 2014a). In addition, our intervention study revealed that WM 
training using the mental calculation paradigm, which requires prolong focus of 
attention, can reduce creative performance (Takeuchi et al., 2011d). Moreover, genetic 
studies have found associations between a polymorphism of the neuregulin 1 gene and 
the risk of psychosis (Kéri et al., 2009), which is traditionally believed to be associated 
with selective attention deficit and dysfunction of attentional filtering (Garmezy, 1977). 
In addition, the polymorphism of neuregulin 1 gene is reportedly associated with lower 
WMC (Stefanis et al., 2007) and greater creativity (Kéri, 2009).   
On the other hand, it has been shown that subscores on divergent thinking 
tests—such as fluency, flexibility, originality, and elaboration—are highly correlated 
with one another when scoring is performed using the traditional method (Torrance, 
1966); therefore, separate interpretation of subscores may be challenging (Treffinger, 
1985). However, recent studies have shown specificities or independent contributions of 
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originality relative to other subscores, especially fluency (Jauk et al., 2014), and these 
findings focused on psychometric intelligence and certain attention-related 
psychological characteristics. For example, it has also been shown that the minimum 
level of creativity necessary for high level originality is greater than that for fluency 
(Jauk et al., 2014). Psychologically, psychometric intelligence is correlated more 
strongly with originality than with fluency of divergent thinking (Jauk et al., 2013), and 
ability associated with updating—as well as that of retrieval—are both associated with 
intelligence and originality (Benedek et al., 2014; Benedek et al., 2017). By contrast, 
performance of inhibition tasks is more closely associated with fluency than with 
originality (Benedek et al., 2012). Further, limited evidences suggested the possible 
involvement of attentional processes in this association. For example, a previous study 
found that the percentage of unique words and associations generated in poems were 
positively associated with a wider breadth of attention (lower stimulus screening) 
(Kasof, 1997). Findings in subjects with attention deficit and/or hyperactivity are 
divided, but White and Shah (2011) reported that subjects with attention deficit 
hyperactive disorder (ADHD) show greater originality, but not fluency. Priming for 
broader attention also led to the generation of original responses when subjects were 
asked to generate only single answers (Friedman et al., 2003). Subjects with the risk 
polymorphism for ADHD also demonstrated greater originality but not fluency 
(Takeuchi et al., 2015d).  
Neuroscience research also supports distinctions between originality and other 
subscores of divergent thinking, particularly fluency, as well as common neural 
correlates. For example, inhibition of the left prefrontal cortex and excitation of the 
right prefrontal cortex (particularly the inferior frontal gyrus) improved fluency and 
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flexibility, but not originality, during a divergent thinking task (Chrysikou et al., 2013). 
Lesions involving the medial prefrontal cortex, right inferior frontal gyrus, or 
temporoparietal areas reduce originality, whereas lesions involving left temporoparietal 
areas and possibly the left IFG lead to increased originality (Shamay-Tsoory et al., 
2011). Lesions of the lateral PFC and frontotemporal dementia lead to the reduction in 
fluency as well as originality (Ovando-Tellez et al., 2019). On the contrary, the 
meta-analyses of brain activity during divergent thinking indicated increased brain 
activity during divergent thinking compared with the control task in the bilateral lateral 
prefrontal areas, anterior cingulate cortex, and left temporal and parietal areas as well as 
decreased brain activity in the right inferior parietal area and precuneus (Wu et al., 
2015). Alternatively, greater average originality of divergent thinking tasks were 
associated with reduced deactivation in the right temporoparietal junction and posterior 
cingulate cortex (Fink et al., 2014). Further, studies of individual differences in 
structural connectivity (Kenett et al., 2018) and functional connectivity (Vartanian et al., 
2018) have revealed the importance of right inferior frontal junction connectivity for 
divergent thinking; the former  (Kenett et al., 2018) showed that both originality and 
fluency scores associated with structural connectivity measures.  
Taken together, these findings suggest common as well as unique effects of 
originality of divergent thinking compared with other subscores of divergent thinking. 
These unique aspects appear to be associated with cognitive mechanisms related to 
intelligence and attention. In a previous study involving a WM task, we found that the 
total score of CMDT was associated with reduced task-induced deactivation of the 
posterior part of the default mode network, which is typically deactivated during 
externally directed attention-demanding tasks (Takeuchi et al., 2011b). However, the 
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unique associations of individual differences in originality and fluency with 
attention-related brain activity patterns have not yet been elucidated. Thus, the purpose 
of the present study was to investigate this issue. For this purpose, we investigated the 
association between brain activity during an attention-demanding task and 
originality/fluency score, which have been used for originality-specific effects 
(additional details of the rationale for using this task is provided in the Methods 
section).  
In this study, we utilized the N-back task during functional magnetic resonance 
imaging (fMRI) to examine unique brain activity patterns associated with CDMT for 
following reasons. (1) First, creativity is uniquely related to attentional processes as 
discussed above and the N-back task is a widely used externally directed 
attention-demanding task. (2) Second, deactivation in the default mode network (DMN) 
during the N-back task is widely considered to reflect the efficiency of attentional 
reallocation (Whitfield-Gabrieli et al., 2009) and its neurochemical correlates are well 
investigated (Hu et al., 2013). (3) Subjects with ADHD and psychosis, which are 
traditionally associated with greater creativity and possibly greater originality than 
fluency, show differences in task-induced deactivation (Ko et al., 2013). (4) The total 
CMDT score is correlated with task-induced deactivation during the 2-back task, which 
gives relevance this task to CMDT (Takeuchi et al., 2011b). (5) Psychometric 
intelligence, which was shown to be more strongly associated with originality than 
fluency, influences brain activity during the N-back task, including task-induced 
deactivation (Takeuchi et al., 2018).  
On the basis of the relevant above-mentioned lesions studies, we hypothesized 
that greater activity in the medial prefrontal cortex, right inferior frontal gyrus, and right 
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temporoparietal areas would be associated with originality of CMDT. In addition, given 
the associations between originality and intelligence, we hypothesized that brain activity 
patterns characteristic of high intelligence (i.e., lower activation and deactivation 
change in response to task demand (Takeuchi et al., 2018)) would be observed in 
subjects with greater originality.  
More specifically, we hypothesized that greater originality is characterized by 
(a) a lower activation increase in areas of the lateral prefrontal cortex and parts of the 
lateral parietal cortex showing increased activation during externally directed 
attention-demanding tasks as well as (b) lower task-induced deactivation in areas of 
medial prefrontal cortex, precuneus, hippocampus, and temporoparietal junction that are 
deactivated during externally directed attention-demanding tasks, as in the case of the 
association between general intelligence and brain activity (Takeuchi et al., 2018).  
Further, evidences have also revealed sex differences in neurocognitive 
correlates of CMDT (Takeuchi et al., 2017b). First, a psychological study reported sex 
differences in the associations between CMDT and psychopathology, with males 
showing stronger associations (Martín-Brufau and Corbalán, 2016). Further, males and 
females use different strategies and cognitive styles during divergent thinking tasks (for 
review, see Abraham, 2016). For example, males show greater systemizing and a more 
analytical style, while females tend to show a more empathizing style. Similarly, males 
and females generate different outputs during free drawing and when generating lyrics 
to songs. An electrophysiological study also revealed that females show stronger 
reactivity of α2 rhythm during verbal divergent thinking than males (Matud et al., 2007), 
while fMRI during divergent thinking revealed that males recruit regions involved in 
declarative memory than females, while females recruit regions involved in theory of 
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mind and self-referencing (for review, see Abraham et al., 2014). Further, structural 
studies have shown substantial sex differences in connectivity and gray matter structural 
correlates of CMDT (Ryman et al., 2014; Takeuchi et al., 2017b). Our previous 
huge-sample study also revealed robust sex differences in the associations between 
resting-state functional connectivity measures and CMDT (Takeuchi et al., 2017a). 
Collectively, these neuroimaging, neurophysiological, and neuropsychological studies 
suggest robust sex differences in neurocognitive correlates of CMDT over a wide range 
of measures.  
However, so far, sex differences in the brain activation correlates of originality 
compared with fluency have not yet been examined. Thus, we investigated this issue in 
a large sample. We also assessed the psychological correlates of originality compared 
with fluency. Specifically, we investigated if representative psychological correlates of 
CMDT total score observed in our previous studies were associated with originality 
and/or fluency subscores to reveal distinct psychological correlates of originality versus 
fluency (originality/fluency) compared with the total CMDT score. Given the important 
roles of creativity and originality in human culture, we believe that revealing their 
neural bases is an important topic. 
 
Material and Methods 
Subjects 
The present study is a part of an ongoing project for investigating the associations 
among brain imaging, cognitive function, and aging. Data include relevant cognitive 
measures and neuroimaging data from 1221 healthy right-handed individuals (700 
males, 521 females). The mean subject age was 20.7 years (standard deviation [SD], 1.8 
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years; age range, 18–27 years). For detailed subject information, see Supplemental 
Methods. See the Supplemental Discussion for the limitations conferred by this cohort. 
Written informed consent was obtained from all participants or their guardians. This 
study was approved by the Ethics Committee of Tohoku University. 
 This study included data from the 63 subjects also included in our previous 
study investigating the association between total CMDT score and brain activity during 
the N-back task across males and females (Takeuchi et al., 2011b).  
Divergent thinking assessment  
The descriptions in this subsection are largely reproduced from our previous 
study using the same methods (Takeuchi et al., 2017b). 
The S-A creativity test (Minds, 1969) was used for assessing CMDT. J.P. 
Guilford generated the draft plan of this test. He also supervised the development of the 
test (Minds, 1969). The test was standardized for Japanese speakers (Minds, 1969). 
The test is used for evaluating verbal CMDT (Minds, 1969), and it involves 
three types of tasks: Practice (and real) tasks were administered in the following order: 
(1) practice of the first task (2 min), (2) first task (5 min), (3) practice of the second task 
(2 min), (4) second task (5 min), (5) practice of the third task (2 min), and (6) third task 
(5 min). Each task involves two questions. In total, the test takes 30 min. How subjects 
divided their time (5 min in total) for two questions was not determined. The 2 
questions were presented on 2 facing pages, and on each page there were also 10 lines 
under the question on which subjects were required to write down self-generated 
answers. 
 This test was administered in a group setting. The first task requires subjects 
to generate unique ways of using typical objects (e.g., “Other than for drinking milk, 
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how can we use milk bottles?” Example answer: “We can use them as saving boxes.”). 
The second task requires subjects to imagine desirable functions of ordinary objects 
(e.g., “What are the characteristics of a good TV? Write down as many characteristics as 
possible.” Example answer: “A TV can receive broadcasts from all over the world.”). 
The third task requires subjects to imagine the consequences of “unimaginable things” 
happening (e.g., “What would happen if all the mice in the world disappeared?” 
Example answer: “The world would become more hygienic.”). For each task, subjects 
are required to generate as many answers as possible. Note that these tasks correspond 
with the three tasks (unusual use, product improvement, just suppose) of the Torrance 
test of creative thinking (TTCT; Torrance, 1966), which is used in other countries.  
Scoring was performed by the Tokyo Shinri Corporation. In addition to a total score, the 
S-A creativity test provides subscores for the following dimensions of creativity: (a) 
Fluency: Fluency is measured by the number of relevant responses to questions and is 
related to the ability to produce and consider several alternatives. Fluency scores are 
determined by the total number of questions answered after excluding inappropriate 
responses or responses that are difficult to understand. (b) Flexibility: Flexibility is the 
ability to produce responses from a wide perspective. Flexibility scores are determined 
by the sum of the (total) number of category types to which the responses are assigned 
based on a criteria table or similar judgment. (c) Originality: Originality is the ability to 
produce ideas that differ from those of others. For originality scoring, each answer was 
assigned to an idea category from a criteria table or similar judgment. Each category 
received different originality points based on appearance frequencies, and originality 
score was calculated as the sum of all these points. In the case of the first task, answers 
categorized to “containers” had high appearance frequencies (>5%) and so were 
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awarded 0 points. Alternatively, the answers categorized as “alternatives for musical 
instruments” had lower appearance frequencies (1%−5%) and so were awarded 1 point, 
while rarer answer categories or answers that could not be categorized were awarded 2 
points. (d) Elaboration: Elaboration is the ability to produce detailed ideas (Society for 
Creative Mind, 1969). Elaboration scores are determined by the sum of responses 
weighted based on a criteria table or similar judgment. In the case of the first task, 
answers that were classified as the lowest level of elaborateness, “unclear answers” such 
as “musical instruments” (within the “alternatives for musical instruments” category), 
were awarded 0 points, while answers classified to the middle level of elaborateness, 
which have typically only means or purposes such as “beat and make sounds” were 
awarded 1 point, and answers classified as the highest level of elaborateness, which 
have typically both means and purposes and/or more details such as “arrange milk 
bottles in a row and put different amounts of water in each bottle and beat to use as 
instruments” were awarded 2 points. Again, these four dimensions correspond to the 
TTCT (TTCT; Torrance, 1966). Scoring of the tests was performed by the Tokyo Shinri 
Corporation.  
In the present study, total score and originality/fluency score were used. The total score is 
the sum of the originality score and elaboration in the S-A creativity test (Minds, 1969) 
used here (as stipulated by the manual of this test) and is also called as overall score. 
Strong correlations were noted among fluency, elaboration, and flexibility (r > 0.78, in 
this study), while originality score exhibited a slightly distinctive pattern, with simple 
correlation coefficients of 0.57−0.72, consistent with the distinctive psychological 
characteristic of originality/fluency score (see Results). Also, elaboration score tended to 
be approximately three times higher than the originality score. The average z scores of 
 15
the four dimensions and this total score (originality + elaboration) were highly correlated 
(r = 0.97). Originality/fluency score has been used by other researchers (Eisenman, 1969) 
and represents the originality of answers after adjusting for the number of responses 
(infrequency of each generated idea). Since the originality score itself is the sum of the 
originality score of each generated idea, it is directly affected by fluency. Therefore, 
originality/fluency score was used in this study, consistent with our previous work 
(Takeuchi et al., 2015d). We used this score also because originality/fluency because this 
score represents ratio of originality to fluency which corresponds to comparison of 
originality with fluency and investigating the neural correlates of originality when 
compared with fluency is the purpose of this study. Further, this score has been used in 
previous studies conducted at both ours and other labs (Eisenman, 1969; Takeuchi et al., 
2015d). This score shows substantial correlation with originality but little correlation with 
fluency as described in the Results (meaning this score reflects components specific to 
originality, and does not reflect components specific to fluency), thereby simplifying 
interpretation. While these are strengths of this score compared to other measures such as 
z score of originality – z score of fluency, originality/fluency score is strongly correlated 
with z score originality – z score fluency (r = 0.87), so the difference in neural correlates 
of these two variables are minor. Other methods such as comparing neural correlates of 
originality with neural correlates of fluency involve the added difficulty of showing that 
these neural correlates are statistically different in whole brain analyses.  
 Please refer to the appendix of our previous study for a sample test and 
additional details on scoring (Takeuchi et al., 2010a). 
Each subfactor of the S-A creativity test scores was significantly correlated 
with other external measures, such as personality factors and problem-solving abilities, 
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suggesting its ability to predict performance in everyday situations (Shimonaka and 
Nakazato, 2007). Furthermore, S-A creativity test scores (total score) are significantly 
correlated with the frequency of visual hypnagogic experiences, which in turn is 
correlated with the vividness of mental imagery (Watanabe, 1998). Our previous study 
(Takeuchi et al., 2013a) showed that S-A creativity test scores (total score) were 
positively correlated with extraversion, novelty seeking, motivational state, and daily 
physical activity level, which are consistent with reports for other measures of CMDT 
(Chavez-Eakle et al., 2006; King et al., 1996). The total score on the S-A creativity test 
was positively correlated with trait creative attitude as measured by self-report in 
children (Nish and Niwase, 2003), with scores on a modified version of the figure 
completion test of figural TTCT in children (Ogata, 1976), and with performance on a 
novel problem-solving task (Ogata, 1976). Each subfactor of the two S-A creativity test 
tasks was positively correlated with each subfactor of each originally developed 
chemical divergent thinking creativity test task (e.g., How can you prevent ice which is 
taken from the refrigerator from melting?) (Wulanqiqige, 2014).  
 
Assessment of psychometric measures of general intelligence. We used Raven’s 
Advanced Progressive Matrix (RAPM) to assess intelligence as well as to adjust for the 
effect of general intelligence on brain function. For more details on how RAPM was 
used in our study, please see our previous works (Takeuchi et al., 2010a, b). 
 
Assessment of other psychological measures. We also investigated if representative 
psychological correlates of CMDT total score revealed in our previous studies were also 
associated with originality/fluency score and if this score has psychological correlates. 
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A number of personality traits measured by the Temperament and Character Inventory 
show robust correlations with CMDT performance, but we found that all of these 
CMDT correlates were also strongly correlated with the motivation component [in this 
previous study we used the vigor subscale of the profile of mood states 
(POMS)](Takeuchi et al., 2015b); therefore, we used the vigor subscale of POMS for 
the simplicity of the analysis. The descriptions in this subsection are mostly reproduced 
from our previous studies (Takeuchi et al., 2015a). Psychological measures previously 
shown to be associated with CMDT are as follows: 
(a) Psychometric intelligence. Originality of CMDT is associated with psychometric 
intelligence (Jauk et al., 2013). In addition to RAPM, we used the Tanaka B-type 
intelligence test (TBIT) type 3B (Tanaka et al., 2003) to assess intelligence. This is a 
nonverbal intelligence test that does not include story problems, but uses figures, 
single numbers, and letters as stimuli. In all subtests, subjects completed as many 
problems as possible within a certain time (a few minutes). For details, see 
Supplemental Methods. 
(b) Simple processing speed. CMDT is positively associated with simple processing 
speed (Preckel et al., 2011). As a measure of simple processing speed, we used the 
perception factor of the TBIT (Tanaka et al., 2003) type 3B. For details, see 
Supplemental Methods. 
(c) Working memory. WM was assessed using a (computerized) digit span task. For 
details, see Supplemental Methods. 
(d) Motivational state. While a number of personality traits (such as harm avoidance) 
related to affect are associated with CMDT, motivational state plays an important 
role in these associations (Takeuchi et al., 2015b). Thus, we focused on motivational 
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state. We used the vigor subscale of the shortened Japanese version (Yokoyama, 
2005) of the Profile of Mood States (POMS) (McNair et al., 1992) to measures 
participants’ motivation during the preceding week. 
(e) Empathizing and systemizing. Empathizing and systemizing are positively 
associated with CMDT (Takeuchi et al., 2014b). To measure systemizing and 
empathizing, we used the Japanese versions (Wakabayashi et al., 2007) of the 
systemizing quotient (SQ) and empathy quotient (EQ) questionnaires (Baron-Cohen 
et al., 2003; Baron-Cohen and Wheelwright, 2004). EQ score was used as an index 
of empathizing (drive to identify the mental status of other individuals), while SQ 
score was used as an index of systemizing (drive to analyze a system). For details, 
see Supplemental Methods. 
 
fMRI task. Functional magnetic resonance imaging (fMRI) was used to map brain 
activity during cognitive tasks. The descriptions of this task are reproduced from our 
previous study using the same methods (Takeuchi et al., 2015d). We used the N-back 
task, which is commonly used in fMRI studies, with conditions of 0-back (simple 
cognitive processes) and 2-back (WM). We used a simple block design and the N-back 
WM task (Callicott et al., 1999) to map brain activity during WM. The N-back task was 
performed during fMRI scanning as previously described (Takeuchi et al., 2011a; 
Takeuchi et al., 2011b).  
Participants received instructions and practiced the tasks before entering the scanner. 
During scanning, they viewed stimuli on a screen via a mirror mounted on a head coil. 
Visual stimuli were presented using Presentation software (Neurobehavioral Systems, 
Inc., Albany, CA, USA). A fiber optic light-sensitive key press interface with a button 
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box was used to record participants’ responses during the tasks. 
Two conditions were used: 0-back and 2-back. Each condition comprised six blocks, and 
all N-back tasks were performed in one session. Subjects were instructed to recall 
visually presented stimuli (four Japanese vowels) presented “n” letters before the 
currently presented stimulus (e.g., two letters previous for the 2-back task or the currently 
presented letter for the 0-back task). Two buttons were used during the 0-back task: 
subjects were asked to push the first button when the defined target stimuli were 
presented and the second button when non-target stimuli were presented. During the 
2-back task, subjects were asked to push the first button when the currently presented 
stimulus and the stimulus presented two letters previously were the same and to push the 
second button when the currently presented stimulus and the stimulus presented two 
letters previously were different. Since the four stimuli were presented randomly, the 
ratio of matched trials to unmatched trials was 1:3 on average. Our version of the N-back 
task was designed to require individuals to push buttons continuously during the task 
period. The task level of the memory load was shown above the stimuli for 2 s before the 
task started, and remained visible and unchanged during the task period (cue phase). Each 
letter was presented for 0.5 s and a fixation cross was presented for 1.5 s between items. 
Each block consisted of 10 stimuli. Thus, each block lasted 20 s. A baseline fixation cross 
was presented for 13 s between the last task item and the presentation of the next task 
level of the memory load (start of the cue phase). Thus, the rest period lasted for 15 s (13 
s + 2 s). There were six blocks for each condition (2- and 0-back). The descriptions in this 
subsection are mostly reproduced from another study within the same project that used 
the exact same methods (Takeuchi et al., 2018).  
Sufficient practice was allowed, and we ascertained that subjects understood the tasks 
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and the strategy of updating items to remember two by two during the 2-back task 
(Takeuchi et al., 2012a). Reaction time (RT) and accuracy on the 0-back and 2-back 
tasks were used in the analyses. 
We designed the task difficulty so that the subjects would make few errors because as 
task difficulty increases, brain activation changes become larger, but when the task 
becomes too difficult, and accuracy substantially drops from 100%, such activation 
changes become smaller, and the resulting inverted u-curve association between 
task-load and brain activity (Callicott et al., 2003; Jansma et al., 2004) can make linear 
analyses difficult. 
  
Image acquisition. MRI data acquisition was conducted using a 3T Philips Achieva 
scanner. Forty-two transaxial gradient-echo images (echo time, 30 ms; flip angle, 90°; 
slice thickness, 3 mm; FOV, 192 mm; matrix, 64 × 64) covering the entire brain were 
acquired at a repetition time of 2.5 s using an echo-planar sequence. For the N-back 
session, 174 functional volumes were obtained. Diffusion-weighted data were acquired 
using a spin-echo echo-planar imaging (EPI) sequence according to a previously 
described protocol (Takeuchi et al., 2015b). From the collected images, fractional 
anisotropy (FA) and mean diffusivity (MD) maps were calculated (Takeuchi et al., 
2011c). In this study, these FA and MD maps were used during preprocessing of BOLD 
images as described in the following sections. The descriptions of this subsection are 
mostly reproduced from our previous study using the exact same methods (Takeuchi et 
al., 2015d). 
 
Preprocessing of imaging data 
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Preprocessing and analysis of functional activation data were performed using SPM8 
implemented in MATLAB. A summary is provided here; see the Supplemental 
Methods for more details. Before analysis, individual BOLD images were realigned 
and re-sliced to the mean BOLD image and corrected for slice timing. The mean BOLD 
image was then realigned to the mean b = 0 image as previously described together with 
slice timing corrected images (Takeuchi et al., 2011b). As the mean b = 0 image was 
aligned with the FA image and MD map, the BOLD image, b = 0 image, FA image, and 
MD map were all aligned. All images were normalized using a previously validated 
two-step “new segmentation” algorithm of diffusion images and the previously 
validated twisted diffeomorphic anatomical registration through exponentiated lie 
algebra (DARTEL)-based registration (Takeuchi et al., 2013b). The voxel size of the 
normalized BOLD images was 3 × 3 × 3 mm3. The descriptions in this subsection are 
mostly reproduced from our previous study using the exact same methods (Takeuchi et 
al., 2018). 
 This preprocessing procedure utilizes the information of both FA and MD maps 
for segmentation and the FA signal distribution within white matter for the DARTEL. 
The reasons for utilizing FA and MD maps for preprocessing are as follows. The 
diffusion tensor images have similar anatomical characteristics as BOLD images but 
more detailed anatomical information. Further, MD maps are suitable for dissociating 
cerebrospinal fluid from tissue and gray from white matter, while FA maps are suitable 
for dissociating gray and white matter areas. Also, by accounting for FA signal 
variability within white matter areas in the DARTEL, misalignment of the tracts was 
prevented. For the validation of these issues, see our previous study (Takeuchi et al., 
2013b).  
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First-level analysis of functional activation data 
Individual-level statistical analyses were performed using a general linear 
model. A design matrix was fitted to each participant with one regressor in each N-back 
task condition using the standard hemodynamic response function. The cue phases of 
the N-back task were modeled in the same manner, but were not analyzed further. Six 
parameters obtained by rigid body correction of head motion were regressed out by 
inclusion in the regression model. The design matrix weighted each raw image 
according to its overall variability to reduce the impact of movement artifacts 
(Diedrichsen and Shadmehr, 2005). We removed low-frequency fluctuations using a 
high-pass filter with a cut-off value of 128 s. After estimation, beta images of the 0-back 
task, 2-back task, and the contrast of (2-back – 0-back) were smoothed (8 mm 
full-width at half-maximum) and taken to the second level of analysis. The descriptions 
in this subsection are mostly reproduced from our previous study using the exact same 
methods (Takeuchi et al., 2015d). 
 Image smoothing was performed after estimation (instead of before estimation) 
because the abovementioned method (Diedrichsen and Shadmehr, 2005) works slightly 
better on unsmoothed data, so that it has more independent data points to estimate the 
variance of the images. And the developers recommend not smoothing the raw data 
before estimation, but instead to smooth the beta-weights before submitting them to the 
second-level analysis (see the page for the distribution, 
http://www.diedrichsenlab.org/imaging/robustWLS_spm8.html). 
 
Statistical analysis of psychological variables 
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Behavioral data were analyzed using SPSS 22.0 (SPSS Inc., Chicago, IL). The 
correlations among basic variables (total scores, subscores, originality/fluency scores, 
RT of the 0-back task, RT of the 2-back task, and RT difference between the 2-back task 
and the 0-back task) in each sex were analyzed by simple correlation analyses.  
The main effects as well as interaction effects between sex and 
originality/fluency score on cognitive measures were analyzed using analysis of 
covariance (ANCOVA). Sex was a fixed factor and the additional covariates were age, 
RAPM score, and originality/fluency score on the S-A creativity test. The 
abovementioned covariates and the interaction between sex and originality/fluency 
score were included in the model. The dependent variables were the seven 
psychological variables listed in Table 1. We also conducted ANCOVAs of the same 
models, except that the originality/fluency score was replaced by the total score on the 
S-A Creativity test, and the results are provided in the Supplemental Results section and 
in the Supplemental Table 2. In total, 14 ANCOVAs (7 dependent variables × 2 CMDT 
scores [total score and originality/fluency score] = 14) were performed in this study (the 
analyses that were presented in the main text and the Supplemental Online Material 
section). In the psychological variable analyses, results with a threshold of p < 0.05, 
corrected for false discovery rate (FDR) using the two-stage sharpened method 
(Benjamini et al., 2006), were considered statistically significant. Correction for 
multiple comparisons using this method was applied to the results for main effects and 
interaction effects with sex in the abovementioned 14 ANCOVAs (28 p values). The 
descriptions in this subsection were largely reproduced from our previous study using 
similar methods (Takeuchi et al., 2015c).  
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Group-level whole-brain imaging data analyses.  
At the group level, we tested the effects of originality/fluency score on regional brain 
activity during the 0-back and 2-back tasks, as well as WM-specific regional activity 
(2-back–0-back contrast). Group-level whole-brain imaging analyses were performed 
using SPM8. In these analyses, we used voxel-wise ANCOVA with sex difference as a 
grouping factor (using the full factorial option in SPM8). The covariates were age, 
RAPM score, accuracy, RTs on the 2-back task and 0-back task, and volume-level mean 
framewise displacement during the scan for the N-back task (Power et al., 2012) and 
originality/fluency score. We also conducted voxel-wise ANCOVAs of the same models, 
except that the originality/fluency score was replaced by total S-A Creativity test score 
and results were provided in the Supplemental Results section and in the Supplemental 
Table 3 and 4 and Supplemental Fig. 2 and 3. In total, six brain analyses were conducted 
(3 contrasts [0-back task, 2-back task, and 2-back–0-back] × 2 scores [total score and 
originality/fluency score] = 6) in this study (The analyses that were presented in the 
main text and the Supplemental Online Material section). All contrasts involving the 
task conditions were used in this study. The 0-back task contrast represents simple 
cognitive processes, the 2-back task contrast represents activity during WM, and the 
2-back to 0-back task contrast represent WM-specific cognitive activity. All the 
conditions involve continuous externally directed attention (in accordance with the 
study purpose), but the two-back condition involves WM and attention demand. Task 
performance and movement during the scan were added as covariates to rule out the 
possibilities of behavioral differences affecting the correlations between brain activity 
patterns and target psychometric variables. See the Supplemental Methods for an 
explanation on adding RAPM score as a covariate and the influences of removing 
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RAPM from the covariate set on the results.   
The covariates were modeled such that each had a unique relationship with 
functional activity for each sex (using the interactions option in SPM8), except for 
framewise displacement during scanning, which enabled investigation of the effects of 
interaction between sex and each covariate. Framewise displacement during scanning 
was not modeled in this manner as a common effect on functional activity was assumed 
for both sexes. 
The main effects of S-A creativity test scores (contrasts of [effect of S-A 
creativity test score for males, females] were [1 1] or [−1 −1]) and the interaction 
between sex and S-A creativity test scores (contrasts of [effect of S-A creativity test for 
males, females] were [−1 1] or [1−1]) were assessed using t contrasts.  
Correction for multiple comparisons was performed using the threshold free cluster 
enhancement (TFCE) score with randomized (5,000 permutations) nonparametric 
testing using the toolbox (http://dbm.neuro.uni-jena.de/tfce/). We applied a voxel 
threshold of family-wise error (FWE) corrected at P < 0.05. 
The areas of activation and deactivation under the corresponding task condition 
(i.e., in the case of 0-back analyses, activity/deactivation during the 0-back task) were 
defined through the lenient threshold of P < 0.05 (false discovery rate (FDR)-corrected 
at the voxel level among the analyses of one-sample t tests using the whole subjects. 
This threshold was used to classify voxels to areas of significant effects of CMDT 
scores on activation and deactivation.  
 
Results 
Psychological scores 
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Table 1 presents the correlations among basic variables, including total score, 
originality/fluency scores, subscores of S-A creativity test, RTs on the 0-back and 
2-back tasks, and difference in the RT of 0-back task and 2-back task for each sex. 
Distributions of originality/fluency scores and total scores on the S-A creativity test are 
presented in Fig. 1 and Supplemental Fig. 1. Originality/fluency score showed little 
correlation with fluency subscores (r = 0.033 in males, r = -0.007 in females), while 
showing substantial correlations with originality scores (r = 0.719 in males, r = 0.783 in 
females). Response accuracies on the 2-back and 0-back tasks showed ceiling effects 
(>99.0% correct on average). 
Mean (±SD) age, RAPM score, total score, subscores, originality/fluency score on the 
S-A creativity test, accuracies and RTs for the 0-back and 2-back tasks, and 
volume-wise framewise displacement are presented in Supplemental Table 1.  
 
Psychological main effects and interactions of originality/fluency score 
 ANCOVA revealed significant main effects of originality/fluency score on 
RAPM, total score on TBIT, perception factor score on TBIT, and SQ score. The 
correlation of originality/fluency with psychometric intelligence score is consistent with 
a previous study reporting that psychometric intelligence is correlated more strongly 
with originality than with fluency of divergent thinking (Jauk et al., 2013). However, 
originality/fluency score showed little correlation with empathizing and vigor subscales 
of the POMS, suggesting the unique characteristics of originality/fluency score 
compared with the total CMDT score (See Supplemental Table 2 for the results found in 
this study).  
ANCOVA also revealed a significant interaction between sex and 
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originality/fluency on perception factor score of TBIT (stronger positive correlation in 
females than males). See Table 2 for full results.  
 
Main effects of originality/fluency score on the S-A creativity test on functional 
activation  
ANCOVA revealed an overall positive main effect (regardless of sex) of 
originality/fluency score on the S-A creativity test on functional activity during the 
0-back task in a cluster mainly around the right angular gyrus, right calcarine cortex, 
right cuneus, right fusiform gyrus, right occipital lobe, parahippocampal gyrus, right 
parietal cortex, precentral and postcentral gyrus, right precuneus, right supramarginal 
gyrus, right superior, and middle and inferior temporal gyrus (54.5% and 36.5% of this 
large cluster belong to areas activated and deactivated during the 0-back task, 
respectively), and in a cluster involving the right fusiform gyrus and right cerebellum 
(all of this cluster belongs to areas deactivated during the 0-back task) (Fig. 2a).  
In addition, ANCOVA revealed an overall positive main effect (regardless of sex) of 
originality/fluency score on the S-A creativity test on functional activity during the 
2-back task in a cluster mainly around the bilateral amygdala, bilateral calcarine cortex, 
bilateral posterior and middle cingulate gyrus, bilateral cuneus and precuneus, right 
superior, middle, and inferior orbital frontal gyrus, bilateral fusiform gyrus, right 
Heschl’s gyrus, bilateral hippocampus, parahippocampal gyrus, right insula, bilateral 
lingual gyrus, bilateral inferior, middle, and superior occipital lobe, bilateral paracentral 
lobule, bilateral superior parietal lobe, bilateral postcentral gyrus, right precentral gyrus, 
right putamen, right rolandic operculum, right supplemental motor area, bilateral middle 
and inferior temporal gyrus, right superior temporal gyrus and temporal pole, bilateral 
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thalamus, and bilateral cerebellum (24.1% and 70.4% of this large cluster belong to 
areas activated and deactivated during the 2-back task, respectively); a cluster mainly 
around the dorsomedial prefrontal cortex and contingent anatomical areas (all voxels in 
this cluster belong to areas deactivated during the 2-back task); and small clusters in the 
left middle frontal gyrus and left precentral gyrus (Fig. 2b).  
ANCOVA revealed an overall positive main effect (regardless of sex) of 
originality/fluency score on the S-A creativity test on functional activity of the contrast 
(2-back – 0-back) in a cluster mainly around the dorsomedial prefrontal cortex and 
contingent left middle and superior frontal gyrus (all areas in this cluster belong to areas 
deactivated in the corresponding contrast); a cluster spread around the middle and 
posterior cingulate gyrus, precuneus, cuneus, and bilateral calcarine cortex (all areas in 
this cluster belong to areas deactivated in the corresponding contrast); a cluster spread 
around the right hippocampus, parahippocampal gyrus, and right lingual gyrus (23.9% 
and 43.5% of this large cluster belong to areas activated and deactivated in the 
corresponding contrast, respectively); and clusters spread around the anterior cingulate 
gyrus, middle cingulate gyrus, and medial frontal gyrus (all areas in these clusters 
belong to areas deactivated in the corresponding contrast) (Fig. 2c). For full statistical 
results, see Table 3. 
 
Interaction effect of sex and originality/fluency scores on functional activation  
ANCOVA revealed an interaction effect between sex and originality/fluency 
score on the S-A creativity test on functional activity during the 0-back task in a cluster 
that mainly spread around the left angular gyrus, bilateral calcarine cortices, bilateral 
middle and posterior cingulate gyrus, bilateral precuneus and cuneus, bilateral lingual 
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gyrus, bilateral occipital lobes, bilateral paracentral lobule, bilateral postcentral gyrus, 
bilateral supplemental motor area, left supramarginal gyrus, left middle and superior 
temporal gyrus, right superior parietal lobule, and left rolandic operculum (19.0% and 
71.9% of this large cluster belong to areas activated and deactivated during the 0-back 
task, respectively); a cluster spread mainly around the left temporal pole and middle 
temporal gyrus (25.6% and 41.1% of this large cluster belong to areas activated and 
deactivated during the 0-back task, respectively); a cluster spread mainly in the 
hippocampus and left parahippocampal gyrus (19.1% and 55.3% of this large cluster 
belong to areas activated and deactivated during the 0-back task, respectively); and a 
cluster spread mainly in the left thalamus (most voxels in this cluster belong to areas 
activated during the 0-back task). These interactions were formed with the positive 
correlation in males and negative correlations in females (Fig.3).  
ANCOVA also revealed an interaction effect between sex and originality/fluency score 
on the S-A creativity test on functional activity of the contrast [2-back – 0-back] in a 
cluster spread mainly around the left inferior and superior parietal lobules, left angular 
gyrus, and left precuneus (most voxels in this cluster belong to areas activated in this 
contrast). These interactions were negatively correlated in males and positively 
correlated in females.  
For full statistical results, see Table 4. 
 
Discussion 
The present study has revealed new associations between originality/fluency 
score and functional activity, as well as sex differences in the associations between 
originality/fluency scores and functional activity. Although there were numerous 
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contrasts and some of the findings were sporadic, the major results can be summarized 
as follows. Partly consistent with our first hypothesis, originality/fluency scores were 
significantly positively correlated with activity in the right temporoparietal area during 
the 0-back and 2-back tasks, activity in the right inferior frontal gyrus during the 2-back 
task, and activity in the medial prefrontal cortex during the 2-back task and the contrast 
of (2-back – 0-back). Partly consistent with our hypothesis, subjects with greater 
originality/fluency scores showed lower task-induced deactivation in areas deactivated 
during the task, including the right precentral gyrus (0-back, 2-back), medial prefrontal 
cortex, posterior cingulate cortex, precuneus, right medial temporal lobe, (2-back, 
2-back – 0-back), and right temporal area (2-back). However, in contrast with our 
hypothesis, associations between greater originality/fluency scores and lower 
task-related activation increases were not observed. Further, there were significant 
interaction effects between sex and originality/fluency scores, on activity during the 
0-back task (mediated by positive correlations in males and negative correlations in 
females) in the left precentral and postcentral gyrus. Further, interactions between sex 
and originality/fluency scores on activity during the 0-back task were observed in 
extensive deactivated areas, including the posterior cingulate cortex, precuneus, left 
temporoparietal junction and, left temporal pole. Across the sexes, greater total CMDT 
scores were associated with lower task-induced deactivation in the posterior part of the 
DMN, which was consistent with our previous study, and were also associated with 
greater activity in extensive areas of the right temporoparietal junction and right inferior 
frontal gyrus during the 0-back task and 2-back task. Lastly, across the sexes, 
originality/fluency scores were positively correlated with measures of psychometric 
intelligence, simple processing speed, and systemizing (although the association with 
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simple processing speed was female-specific). The lower correlation coefficients 
between brain activity and CMDT scores, as shown in the figures, are not indicative of 
the low importance of the observed associations; low correlations are typical in studies 
of associations between cognitive variables and neuroimaging measures with large 
sample sizes (Takeuchi and Kawashima, 2019). See the Supplemental Discussion for 
more on this issue.  
Brain activity in the anterior part of the right temporoparietal junction, right 
superior temporal gyrus, and ventral prefrontal cortex was positively correlated with 
originality/fluency score on the CMDT across the 0-back simple cognitive task and 
2-back WM task, and also the total CMDT score showed similar patterns (see 
Supplemental Results section). These areas of the right hemisphere form the ventral 
attention system (Corbetta et al., 2008) and are involved in reorienting attention to 
outside events or switching attention between different matters and networks (Corbetta 
et al., 2008). Suppression of this network is thought to reflect a filtering signal that gates 
sensory responses by behavioral relevance (Corbetta et al., 2008). When subjects focus 
on a task, deactivation of this network is thought to prevent reorientation to unimportant 
objects (Corbetta et al., 2008). Therefore, relatively greater activity in these areas 
reflects conditions where subjects are easily distracted and reoriented to unimportant 
objects and one are not filtering the unimportant objects completely. These findings may 
be consistent with previous studies reporting that creative subjects have insufficient 
selective attention (Necka, 1999) and insufficient ability to ignore irrelevant external 
stimuli (Kasof, 1997). Hyperactive children, who are characterized by a decreased 
ability to easily focus their attention, tend to show greater creativity (Kuntsi et al., 2001) 
and administration of the drug Ritalin reduces ADHD symptoms and creativity 
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(Swartwood et al., 2003). It has been suggested that greater creativity might be achieved 
using different brain networks, which represent knowledge in one domain to help 
organize a quite different domain that might, nevertheless, share some attributes 
(Heilman et al., 2003). Tendency to frequently switching attention between different 
networks or incorporate seemingly unimportant matters may lead one to rare ideas, 
thereby achieving originality and creativity. However, this study did not utilize 
measures of behavioral distractibility. As these ideas are reverse inference and 
speculations, confirmatory studies are needed. 
Besides the right ventral attention network, originality/fluency scores showed 
positive correlation with brain activity in areas deactivated during externally-directed 
attention-demanding tasks (meaning greater originality/fluency scores were associated 
with smaller task-induced deactivation in the DMN). Although total creativity score was 
positively correlated with a part of the posterior DMN, which is consistent with our 
previous study (Takeuchi et al., 2011b), originality/fluency scores showed clear and 
widespread correlations. We previously suggested that reduced TID in the DMN in 
creative subjects (based on total score) reflected inefficient reallocation, partly because 
the magnitude of TID in the DMN is characteristic of subjects with reduced WMC, such 
as relatives of schizophrenia patients and the elderly (Sambataro et al., 2010; 
Whitfield-Gabrieli et al., 2009), whereas schizotypy is characterized by facilitated 
creativity and impaired WM capacity (Fisher et al., 2004; Horan et al., 2008; Matheson 
and Langdon, 2008). Low TID of the DMN is reportedly underlain by brain 
excitability/inhibition mediated by glutamate and GABA (Hu et al., 2013), which are 
characteristics of patients with schizophrenia (Lewis et al., 2012). However, in the 
present study, originality/fluency scores were positively correlated with psychometric 
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intelligence (and tended to be positively correlated with WM performance). Our 
previous study showed an association between greater psychometric intelligence and 
reduced TID in the DMN (Takeuchi et al., 2018). Considering that TID is smaller in 
tasks with low cognitive demand (McKiernan et al., 2003), from this perspective, 
reduced TID in the DMN may be indicative of lower cognitive demand being 
experienced by subjects, and thus greater cognitive competence. Consistent with this 
notion, we previously reported that the risk allele of the dopamine receptor D4 gene for 
ADHD was associated with reduced TID in the DMN and, specifically, greater 
originality among CMDT subscales (Takeuchi et al., 2015d). However, brain activity of 
intelligent subjects was also characterized by lower activation increases in areas 
activated during the tasks, which was not observed in subjects with greater 
originality/fluency score in this study (Takeuchi et al., 2018). Considering that 
characteristics of subjects with specifically greater originality in CMDT may not be 
same as those of schizotypy (low TID, signs of worse performance and excitability) nor 
subjects with greater intelligence (low TID, low activation, better performance). Other 
factors, such as greater cognitive speed (as confirmed in the present study), could 
compensate for inefficient attentional reallocation underlain by greater neural 
excitability in such subjects.  
These correlations of divergent thinking performance with brain activity 
patterns in the DMN during the externally directed attention-demanding task are 
consistent with previous neuroimaging findings showing associations between CMDT 
and changes in DMN activity patterns. For example, Beaty et al. (2015) reported 
coupling of the DMN and executive control network during the alternate uses divergent 
thinking task compared to the control task condition. Further, resting-state fMRI studies 
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have reported that the functional connectivity of various areas involving the DMN are 
associated with higher creativity as measured by alternate uses tasks and other divergent 
thinking tasks (Beaty et al., 2014), the S-A creativity test employed in the present study 
(Takeuchi et al., 2012b), and the verbal TTCT test (Beaty et al., 2014). Jung et al. 
(2010) also reported that cortical thickness at the temporoparietal junction, which is part 
of the DMN, is negatively associated with greater CMDT performance as measured by a 
composite creativity index composed of three divergent thinking task scores. Further, 
reduced task-induced deactivation in precuneus and right temporoparietal junction 
during a divergent thinking task (alternate uses task) was associated with greater 
originality on the task (Fink et al., 2014). Also, Mayseless et al. (2015) reported that 
brain activation in the ventral anterior cingulate areas of the DMN was positively 
correlated with average originality in the alternative uses task compared with a control 
task. The present results further extent this finding of greater activity in the DMN 
among subjects with greater originality (relative to fluency) during an externally 
directed attention-demanding task that does not involve divergent thinking, and supports 
the specific involvement of originality and the attentional process itself (rather than 
cognitive processes recruited for divergent thinking) in the associations between DMN 
and divergent thinking.  
In psychological analyses, although the psychological correlates of total CMDT 
scores that were previously reported and are presented in Supplemental Table 2, and 
psychological correlates of originality/fluency scores overlapped, the psychological 
correlates of originality/fluency scores are limited to “cognitive” aspects (cognitive 
functions and systemizing, which is a drive to analyze a system), and did not include 
empathizing (social components) or motivational states (affective components). The 
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specific association of originality with psychometric intelligence was consistent with 
previous studies (Jauk et al., 2013). Interestingly, originality/fluency scores did not 
correlate with fluency of CMDT, but did show significant positive correlations with 
cognitive speed (total score and perception factor score on TBIT, although the latter 
correlations seem to be specific to females), which is an advancement of the present 
study. Thus, while the ADHD risk was specifically associated with originality (Takeuchi 
et al., 2015d), superior basic cognitive abilities, including psychometric intelligence 
measured by nonverbal reasoning and cognitive speed, may also contribute to generate 
original ideas in CMDT. Furthermore, associations of originality/fluency score with 
systemizing suggest that by analyzing a system, subjects with higher systemizing may 
be able to generate original ideas. This relationship could explain the creative 
achievements by individuals with autistic characteristics in certain areas (Baron-Cohen, 
2003). 
Furthermore, interaction effects between sex and CMDT scores on brain 
activity were observed, especially during the 0-back task. The mechanisms underlying 
these associations are not clear. However, our psychological analyses revealed 
significantly greater associations between originality/fluency scores and simple 
processing speed among females, who also tended to show greater associations between 
total CMDT scores and simple processing speed (Supplemental Table 2). These findings 
may coincide with female-specific positive correlations between total CMDT scores and 
regional white matter volume (Takeuchi et al., 2017b), which is in turn associated with 
simple processing speed (Magistro et al., 2015). The significant interaction between sex 
and originality/fluency scores and total CMDT scores in the left precentral and 
postcentral gyrus (Supplemental Fig. 3) may be due to the greater speed in subjects with 
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greater originality, which may be associated with greater neural efficiency in females in 
sensorimotor areas. On the other hand, in addition to differences in precentral and 
postcentral areas, females with greater originality/fluency scores showed lower TID in 
extensive areas of the posterior part of the DMN in the 0-back task. Given that the 
0-back task is simple enough for highly-educated young adult samples, greater TID in 
the DMN may reflect efficient attentional reallocation (Whitfield-Gabrieli et al., 2009). 
It is possible that subjects with greater originality/fluency scores tend to focus on simple 
cognitive tasks and thus achieve better performance on simple cognitive tasks (but not 
cognitively-demanding WM tasks). However, the present study lacks data to confirm 
these speculations.  
The present brain imaging results of the total CMDT score offered an 
opportunity to compare the neural correlates of CMDT with the neural correlates of 
fluid intelligence as measured by nonverbal reasoning (RAPM). In our previous study 
(Takeuchi et al., 2018) including almost the same cohort, the associations between high 
RAPM score and brain activity were generally characterized by (a) lower task-induced 
deactivation in areas normally deactivated during 0-back, 2-back, and 2-back − 0-back 
tasks (which did not include temporoparietal junction areas), (b) a lower activation 
increase in areas normally activated during these same tasks, and (c) a greater increase 
in the pre-supplementary motor area during the 2-back task. These patterns are similar 
regardless of whether the total CMDT score is added as a covariate, and total CMDT 
score was not significantly correlated with RAPM score (Table 2). The present results 
showing correlations between brain activation patterns and total CMDT score are in 
accord with our previous findings of correlations between RAPM and brain activity (see 
(a) above) as both correlates involve lower task-induced deactivation in areas close to 
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the posterior cingulate cortex. However, the two correlates are otherwise distinct, 
consistent with the notion that CMDT and psychometric intelligence are mainly 
independent (Sternberg, 2005). 
Another interesting psychological finding is that originality/fluency score did not show 
any correlation with fluency, indicating that there is no trade-off with fluency and that 
the more one tends to generate ideas, the more original ideas are generated. This finding 
appears consistent with the “equal-odds rule” of creativity, suggesting that the more 
output one produces, the better the chance that one idea generates impacting products 
and the most prolific ones have the same likelihood of success as do the least productive, 
on a product-for-product basis (Simonton, 1994). The application to this rule to 
divergent thinking productions was suggested by Jung et al. using another scoring 
method (Jung et al., 2015); they used the holistic score obtained by the Consensual 
Assessment Technique (Amabile, 1982) and snapshot scoring method (Silvia et al., 
2009) wherein all six subject responses were given a single holistic score by three 
judges and yielded a positive linear relationship between fluency and holistic score. 
Although we used different scoring methods and originality (reflecting statistical 
infrequency) as described in Methods, our present findings may be in line with these 
previous findings of the “equal-odds rule” of creativity. 
This study is subject to several limitations. First, like many studies in this field, 
we used a sample of highly-educated young adults (Jung et al., 2010; Li et al., 2014). In 
such highly-educated samples, associations among higher-order cognitive abilities (such 
as intelligence) tend to be lower (Engle et al., 1999; Takeuchi et al., 2018). However, it 
is known that creativity is associated with psychometric intelligence under a certain 
threshold of intelligence (Sternberg, 2005), and focusing on a highly-educated sample 
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may be necessary to disentangle the complex relationship between CMDT and 
higher-order cognitive abilities. Future studies focusing on the general population may 
be necessary to determine if the present findings are generalizable. Further, it is known 
that the psychometric characteristics of CMDT are affected by the task instructions 
(Benedek et al., 2013; Niu and Liu, 2009; Silvia et al., 2013). In the present study, we 
focused on the traditional instruction of “generate as many ideas as possible”. Future 
studies may be required to determine if other types of instructions, such as focusing on 
the quality of the ideas, generate other psychological profiles of CMDT.  
 Among relevant studies in diverse fields, previous studies have revealed that 
originality of CMDT is specifically associated with psychometric intelligence. The 
present study not only confirmed these findings, but further revealed that 
originality/fluency score is positively correlated with systemizing and simple processing 
speed (the latter relationship in females only). From the perspective of brain activity 
during externally-directed attention-demanding tasks, our previous study revealed that 
total CMDT score was associated with reduced TID in the DMN with a cluster size test 
shown to be anticonservative. The present study used more than 1200 subjects and 
permutation-based statistics which are shown to properly control false positives to 
reveal the brain activity correlates of originality/fluency scores. We also confirmed 
interaction effects between sex and CMDT scores on neural activity using this large 
sample size, consistent with the growing body of literature reporting interactions 
between sex and CMDT scores on neural mechanisms. These represent important 
contributions of the present study over previous work.  
Originality/fluency scores were associated with greater brain activity during the 
0-back simple cognitive task and 2-back WM task in key nodes of the ventral attention 
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system (Corbetta et al., 2008), which is located in the right hemisphere and is involved 
in reorienting attention. Like subjects with greater psychometric intelligence, subjects 
with greater originality/fluency scores showed lower task-induced deactivation in areas 
of the DMN, especially during WM performance. However, unlike subjects with greater 
psychometric intelligence, subjects with greater originality/fluency scores did not show 
lower task-related increases in areas activated during externally-directed 
attention-demanding tasks. Furthermore, interaction effects between sex and 
originality/fluency scores, on functional activity during the 0-back task were 
observed—especially in sensorimotor areas. This finding may be ascribed to greater 
associations between simple processing speed and CMDT scores in females than in 
males. Lastly, psychological analyses showed that originality/fluency scores were 
associated with psychometric intelligence and systemizing, but not with social and 
affective correlates of total CMDT scores.  
 
Acknowledgments 
We thank Yuki Yamada for operating the MRI scanner, Haruka Nouchi for 
conducting the psychological tests, all other assistants for helping with the experiments 
and the study, the study participants, and all our other colleagues at IDAC, Tohoku 
University, for their support. This study was supported by JST/RISTEX, JST/CREST, a 
Grant-in-Aid for Young Scientists (B) (KAKENHI 23700306) and a Grant-in-Aid for 
Young Scientists (A) (KAKENHI 25700012) from the Ministry of Education, Culture, 
Sports, Science, and Technology. The authors would like to thank Enago 
(www.enago.jp) for the English language review. 
 
 40
Ethical statement 
i. Compliance with Ethical Standards: All procedures performed in studies involving 
human participants were in accordance with the ethical standards of the institutional 
and/or national research committee and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. 
 
ii. Funding: This study was supported by JST/RISTEX, JST/CREST, a Grant-in-Aid for 
Young Scientists (B) (KAKENHI 23700306) and a Grant-in-Aid for Young Scientists 
(A) (KAKENHI 25700012) from the Ministry of Education, Culture, Sports, Science, 
and Technology. 
 
iii. Conflict of Interest: The authors declare that they have no conflict of interest. 
 
iv. Ethical approval: This study was approved by the Ethics Committee of Tohoku 
University. 
 
v. Informed consent: Informed consent was obtained from all individual participants 
included in the study. 
 
 41
References 
Abraham, A., 2016. Gender and creativity: an overview of psychological and 
neuroscientific literature. Brain imaging and behavior 10, 609-618. 
Abraham, A., Thybusch, K., Pieritz, K., Hermann, C., 2014. Gender differences in 
creative thinking: behavioral and fMRI findings. Brain Imaging and Behavior 8, 39-51. 
Amabile, T.M., 1982. Social psychology of creativity: A consensual assessment 
technique. Journal of Personality and Social Psychology 43, 997-1013. 
Baron-Cohen, S., 2003. The essential difference: The truth about the male and female 
brain. Perseus Books Group, New York. 
Baron-Cohen, S., Richler, J., Bisarya, D., Gurunathan, N., Wheelwright, S., 2003. The 
systemizing quotient: an investigation of adults with Asperger syndrome or 
high-functioning autism, and normal sex differences. Philosophical Transactions of the 
Royal Society of London. Series B: Biological Sciences 358, 361-374. 
Baron-Cohen, S., Wheelwright, S., 2004. The empathy quotient: an investigation of 
adults with Asperger syndrome or high functioning autism, and normal sex differences. 
Journal of Autism and Developmental Disorders 34, 163-175. 
Beaty, R.E., Benedek, M., Kaufman, S.B., Silvia, P.J., 2015. Default and executive 
network coupling supports creative idea production. Scientific reports 5. 
Beaty, R.E., Benedek, M., Wilkins, R.W., Jauk, E., Fink, A., Silvia, P.J., Hodges, D.A., 
Koschutnig, K., Neubauer, A.C., 2014. Creativity and the default network: a functional 
connectivity analysis of the creative brain at rest. Neuropsychologia 64, 92-98. 
Benedek, M., Franz, F., Heene, M., Neubauer, A.C., 2012. Differential effects of 
cognitive inhibition and intelligence on creativity. Personality and Individual 
Differences 53, 480-485. 
 42
Benedek, M., Jauk, E., Sommer, M., Arendasy, M., Neubauer, A.C., 2014. Intelligence, 
creativity, and cognitive control: The common and differential involvement of executive 
functions in intelligence and creativity. Intelligence 46, 73-83. 
Benedek, M., Kenett, Y.N., Umdasch, K., Anaki, D., Faust, M., Neubauer, A.C., 2017. 
How semantic memory structure and intelligence contribute to creative thought: a 
network science approach. Thinking & Reasoning 23, 158-183. 
Benedek, M., Mühlmann, C., Jauk, E., Neubauer, A.C., 2013. Assessment of divergent 
thinking by means of the subjective top-scoring method: Effects of the number of 
top-ideas and time-on-task on reliability and validity. Psychology of Aesthetics, 
Creativity, and the Arts 7, 341-349. 
Benjamini, Y., Krieger, A.M., Yekutieli, D., 2006. Adaptive linear step-up procedures 
that control the false discovery rate. Biometrika 93, 491-507. 
Callicott, J.H., Mattay, V.S., Bertolino, A., Finn, K., Coppola, R., Frank, J.A., Goldberg, 
T.E., Weinberger, D.R., 1999. Physiological characteristics of capacity constraints in 
working memory as revealed by functional MRI. Cerebral Cortex 9, 20-26. 
Callicott, J.H., Mattay, V.S., Verchinski, B.A., Marenco, S., Egan, M.F., Weinberger, 
D.R., 2003. Complexity of prefrontal cortical dysfunction in schizophrenia: more than 
up or down. American Journal of Psychiatry 160, 2209-2215. 
Chavez-Eakle, R.A., del Carmen Lara, M., Cruz-Fuentes, C., 2006. Personality: A 
Possible Bridge Between Creativity and Psychopathology? Creativity Research Journal 
18, 27-38. 
Chrysikou, E.G., Hamilton, R.H., Coslett, H.B., Datta, A., Bikson, M., Thompson-Schill, 
S.L., 2013. Noninvasive transcranial direct current stimulation over the left prefrontal 
cortex facilitates cognitive flexibility in tool use. Cognitive neuroscience 4, 81-89. 
 43
Conway, A.R.A., Cowan, N., Bunting, M.F., 2001. The cocktail party phenomenon 
revisited: The importance of working memory capacity. Psychonomic bulletin & review 
8, 331-335. 
Corbetta, M., Patel, G., Shulman, G.L., 2008. The reorienting system of the human 
brain: from environment to theory of mind. Neuron 58, 306-324. 
Diedrichsen, J., Shadmehr, R., 2005. Detecting and adjusting for artifacts in fMRI time 
series data. Neuroimage 27, 624-634. 
Dykes, M., McGhie, A., 1976. A comparative study of attentional strategies of 
schizophrenic and highly creative normal subjects. The British Journal of Psychiatry 
128, 50-56. 
Eisenman, R., 1969. Creativity, awareness, and liking. Journal of Consulting and 
Clinical Psychology 33, 157-160. 
Engle, R.W., Tuholski, S.W., Laughlin, J.E., Conway, A.R., 1999. Working memory, 
short-term memory, and general fluid intelligence: a latent-variable approach. Journal of 
Experimental Psychology: General 128, 309-331. 
Fink, A., Weber, B., Koschutnig, K., Benedek, M., Reishofer, G., Ebner, F., Papousek, I., 
Weiss, E.M., 2014. Creativity and schizotypy from the neuroscience perspective. 
Cognitive, Affective, & Behavioral Neuroscience 14, 378-387. 
Fisher, J.E., Mohanty, A., Herrington, J.D., Koven, N.S., Miller, G.A., Heller, W., 2004. 
Neuropsychological evidence for dimensional schizotypy: Implications for creativity 
and psychopathology. Journal of Research in Personality 38, 24-31. 
Friedman, R.S., Fishbach, A., Förster, J., Werth, L., 2003. Attentional priming effects on 
creativity. Creativity Research Journal 15, 277-286. 
Garmezy, N., 1977. The psychology and psychopathology of attention. Schizophrenia 
 44
Bulletin 3, 360. 
Guilford, J.P., 1967. The nature of human intelligence. McGraw-Hill Companies, New 
York. 
Heilman, K.M., Nadeau, S.E., Beversdorf, D.O., 2003. Creative innovation: possible 
brain mechanisms. Neurocase 9, 369-379. 
Horan, W.P., Braff, D.L., Nuechterlein, K.H., Sugar, C.A., Cadenhead, K.S., Calkins, 
M.E., Dobie, D.J., Freedman, R., Greenwood, T.A., Gur, R.E., 2008. Verbal working 
memory impairments in individuals with schizophrenia and their first-degree relatives: 
findings from the Consortium on the Genetics of Schizophrenia. Schizophrenia 
Research 103, 218-228. 
Hu, Y., Chen, X., Gu, H., Yang, Y., 2013. Resting-state glutamate and GABA 
concentrations predict task-induced deactivation in the default mode network. Journal of 
Neuroscience 33, 18566-18573. 
Jansma, J., Ramsey, N., Van Der Wee, N., Kahn, R., 2004. Working memory capacity in 
schizophrenia: a parametric fMRI study. Schizophrenia Research 68, 159-171. 
Jauk, E., Benedek, M., Dunst, B., Neubauer, A.C., 2013. The relationship between 
intelligence and creativity: New support for the threshold hypothesis by means of 
empirical breakpoint detection. Intelligence 41, 212-221. 
Jauk, E., Benedek, M., Neubauer, A.C., 2014. The road to creative achievement: A 
latent variable model of ability and personality predictors. European journal of 
personality 28, 95-105. 
Jung, R.E., Segall, J.M., Jeremy Bockholt, H., Flores, R.A., Smith, S.M., Chavez, R.S., 
Haier, R.J., 2010. Neuroanatomy of creativity. Human Brain Mapping 31, 398-409. 
Jung, R.E., Wertz, C.J., Meadows, C.A., Ryman, S.G., Vakhtin, A.A., Flores, R.A., 2015. 
 45
Quantity yields quality when it comes to creativity: a brain and behavioral test of the 
equal-odds rule. Frontiers in psychology 6, 864. 
Kasof, J., 1997. Creativity and breadth of attention. Creativity research journal 10, 
303-315. 
Kenett, Y.N., Medaglia, J.D., Beaty, R.E., Chen, Q., Betzel, R.F., Thompson-Schill, S.L., 
Qiu, J., 2018. Driving the brain towards creativity and intelligence: A network control 
theory analysis. Neuropsychologia 118, 79-90. 
Kéri, S., 2009. Genes for Psychosis and Creativity. Psychological Science 20, 
1070-1073. 
Kéri, S., Kiss, I., Kelemen, O., 2009. Effects of a neuregulin 1 variant on conversion to 
schizophrenia and schizophreniform disorder in people at high risk for psychosis. 
Molecular Psychiatry 14, 118-119. 
Kim, K.H., 2006. Can we trust creativity tests? A review of the Torrance Tests of 
Creative Thinking (TTCT). Creativity Research Journal 18, 3-14. 
Kim, K.H., 2008. Meta-analyses of the relationship of creative achievement to both IQ 
and divergent thinking test scores. The Journal of Creative Behavior 42, 106-130. 
King, L.A., Walker, L.M., Broyles, S.J., 1996. Creativity and the five-factor model. 
Journal of Research in Personality 30, 189-203. 
Ko, C.-H., Yen, J.-Y., Yen, C.-F., Chen, C.-S., Lin, W.-C., Wang, P.-W., Liu, G.-C., 2013. 
Brain activation deficit in increased-load working memory tasks among adults with 
ADHD using fMRI. European Archives of Psychiatry and Clinical Neuroscience 263, 
561-573. 
Kuntsi, J., Oosterlaan, J., Stevenson, J., 2001. Psychological mechanisms in 
hyperactivity: I Response inhibition deficit, working memory impairment, delay 
 46
aversion, or something else? Journal of Child Psychology and Psychiatry 42, 199-210. 
Lewis, D.A., Curley, A.A., Glausier, J.R., Volk, D.W., 2012. Cortical parvalbumin 
interneurons and cognitive dysfunction in schizophrenia. Trends in Neurosciences 35, 
57-67. 
Li, W., Li, X., Huang, L., Kong, X., Yang, W., Wei, D., Li, J., Cheng, H., Zhang, Q., Qiu, 
J., 2014. Brain structure links trait creativity to openness to experience. Social 
Cognitive and Affective Neuroscience 10, 191-198. 
Magistro, D., Takeuchi, H., Nejad, K.K., Taki, Y., Sekiguchi, A., Nouchi, R., Kotozaki, 
Y., Nakagawa, S., Miyauchi, C.M., Iizuka, K., Yokoyama, R., Shinada, T., Yamamoto, 
Y., Hanawa, S., Araki, T., Hashizume, H., Sassa, Y., Kawashima, R., 2015. The 
Relationship between Processing Speed and Regional White Matter Volume in Healthy 
Young People. PLoS ONE 10, e0136386. 
Maldjian, J.A., Laurienti, P.J., Burdette, J.H., 2004. Precentral gyrus discrepancy in 
electronic versions of the Talairach atlas. Neuroimage 21, 450-455. 
Maldjian, J.A., Laurienti, P.J., Kraft, R.A., Burdette, J.H., 2003. An automated method 
for neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets. 
Neuroimage 19, 1233-1239. 
Martín-Brufau, R., Corbalán, J., 2016. Creativity and Psychopathology: Sex Matters. 
Creativity Research Journal 28, 222-228. 
Matheson, S., Langdon, R., 2008. Schizotypal traits impact upon executive working 
memory and aspects of IQ. Psychiatry research 159, 207-214. 
Matud, M.P., Rodríguez, C., Grande, J., 2007. Gender differences in creative thinking. 
Personality and Individual Differences 43, 1137-1147. 
Mayseless, N., Eran, A., Shamay-Tsoory, S.G., 2015. Generating original ideas: The 
 47
neural underpinning of originality. Neuroimage 116, 232-239. 
McKiernan, K.A., Kaufman, J.N., Kucera-Thompson, J., Binder, J.R., 2003. A 
parametric manipulation of factors affecting task-induced deactivation in functional 
neuroimaging. Journal of Cognitive Neuroscience 15, 394-408. 
McNair, D.M., Lorr, M., Droppleman, L.F., 1992. Profile of mood states. Educational 
and Industrial Testing Service, San Diego, California. 
Mehta, M.A., Goodyer, I.M., Sahakian, B.J., 2004. Methylphenidate improves working 
memory and set-shifting in AD/HD: relationships to baseline memory capacity. Journal 
of Child Psychology and Psychiatry 45, 293-305. 
Memmert, D., 2007. Can creativity be improved by an attention-broadening training 
program? An exploratory study focusing on team sports. Creativity Research Journal 19, 
281-291. 
Minds, S.F.C., 1969. Manual of S-A creativity test. Tokyo shinri Corporation, Tokyo, 
Japan. 
Necka, E., 1999. Creativity and attention. Polish Psychological Bulletin 30, 85-98. 
Nish, Y., Niwase, K., 2003. Creative attitude of elementary students in a city and an 
island  [in Japanese]. Bulletin of currirulum research and development, Hyogo 
University of Teacher Education, 15-23. 
Niu, W., Liu, D., 2009. Enhancing creativity: A comparison between effects of an 
indicative instruction “to be creative” and a more elaborate heuristic instruction on 
Chinese student creativity. Psychology of Aesthetics, Creativity, and the Arts 3, 93-98. 
Ogata, S., 1976. Evaluation of children's creative thinking ability through the figure 
completion task. Bulletin of Faculty of Education, Nagasaki University. Educational 
science 23, 45-55. 
 48
Ovando-Tellez, M.P., Bieth, T., Bernard, M., Volle, E., 2019. The contribution of the 
lesion approach to the neuroscience of creative cognition. Current Opinion in 
Behavioral Sciences 27, 100-108. 
Power, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2012. Spurious 
but systematic correlations in functional connectivity MRI networks arise from subject 
motion. Neuroimage 59, 2142-2154. 
Preckel, F., Wermer, C., Spinath, F.M., 2011. The interrelationship between speeded and 
unspeeded divergent thinking and reasoning, and the role of mental speed. Intelligence 
39, 378-388. 
Rawlings, D., 1985. Psychoticism, creativity and dichotic shadowing. Personality and 
individual differences. 6, 737-742. 
Ryman, S.G., van den Heuvel, M.P., Yeo, R.A., Caprihan, A., Carrasco, J., Vakhtin, A.A., 
Flores, R.A., Wertz, C., Jung, R.E., 2014. Sex differences in the relationship between 
white matter connectivity and creativity. Neuroimage 101, 380-389. 
Sambataro, F., Murty, V.P., Callicott, J.H., Tan, H.Y., Das, S., Weinberger, D.R., Mattay, 
V.S., 2010. Age-related alterations in default mode network: Impact on working 
memory performance. Neurobiology of Aging 31, 839-852. 
Shamay-Tsoory, S., Adler, N., Aharon-Peretz, J., Perry, D., Mayseless, N., 2011. The 
origins of originality: the neural bases of creative thinking and originality. 
Neuropsychologia 49, 178-185. 
Shaw, G.A., 1992. Hyperactivity and creativity: The tacit dimension. Bulletin of the 
Psychonomic Society 30, 157-160. 
Shimonaka, Y., Nakazato, K., 2007. Creativity and factors affecting creative ability in 
adulthood and old age. Japanese Journal of Educational Psychology 55, 231-243. 
 49
Silvia, P.J., Beaty, R.E., Nusbaum, E.C., 2013. Verbal fluency and creativity: General 
and specific contributions of broad retrieval ability (Gr) factors to divergent thinking. 
Intelligence 41, 328-340. 
Silvia, P.J., Martin, C., Nusbaum, E.C., 2009. A snapshot of creativity: Evaluating a 
quick and simple method for assessing divergent thinking. Thinking Skills and 
Creativity 4, 79-85. 
Simonton, D.K., 1994. Greatness: Who makes history and why. Guilford Press. 
Stefanis, N.C., Trikalinos, T.A., Avramopoulos, D., Smyrnis, N., Evdokimidis, I., Ntzani, 
E.E., Ioannidis, J.P., Stefanis, C.N., 2007. Impact of schizophrenia candidate genes on 
schizotypy and cognitive endophenotypes at the population level. Biological Psychiatry 
62, 784-792. 
Sternberg, R.J., 2005. Handbook of creativity. Cambridge UP, New York. 
Swartwood, M.O., Swartwood, J.N., Farrell, J., 2003. Stimulant treatment of ADHD: 
effects on creativity and flexibility in problem solving. Creativity Research Journal 15, 
417-419. 
Takeuchi, H., Kawashima, R., 2019. Implications of large-sample neuroimaging studies 
of creativity measured by divergent thinking. Current Opinion in Behavioral Sciences 
27, 139-145. 
Takeuchi, H., Sugiura, M., Sassa, Y., Sekiguchi, A., Yomogida, Y., Taki, Y., Kawashima, 
R., 2012a. Neural correlates of the difference between working memory speed and 
simple sensorimotor speed: an fMRI study. PLoS ONE 7, e30579. 
Takeuchi, H., Taki, Y., Hashizume, H., Sassa, Y., Nagase, T., Nouchi, R., Kawashima, R., 
2011a. Effects of training of processing speed on neural systems. Journal of 
Neuroscience 31, 12139-12148. 
 50
Takeuchi, H., Taki, Y., Hashizume, H., Sassa, Y., Nagase, T., Nouchi, R., Kawashima, R., 
2011b. Failing to deactivate: The association between brain activity during a working 
memory task and creativity. Neuroimage 55, 681-687. 
Takeuchi, H., Taki, Y., Hashizume, H., Sassa, Y., Nagase, T., Nouchi, R., Kawashima, R., 
2012b. The association between resting functional connectivity and creativity. Cerebral 
Cortex 22, 2921-2929. 
Takeuchi, H., Taki, Y., Nouchi, R., Hashizume, H., Sekiguchi, A., Kotozaki, Y., 
Nakagawa, S., Miyauchi, C.M., Sassa, Y., Kawashima, R., 2014a. Effects of 
Multitasking-Training on Gray Matter Structure and Resting State Neural Mechanisms. 
Human Brain Mapping 35, 3646-3660. 
Takeuchi, H., Taki, Y., Nouchi, R., Yokoyama, R., Kotozaki, Y., Nakagawa, S., 
Sekiguchi, A., Iizuka, K., Hanawa, S., Araki, T., Miyauchi, C.M., Sakaki, K., Sassa, Y., 
Nozawa, T., Ikeda, S., Yokota, S., Daniele, M., Kawashima, R., 2018. General 
intelligence is associated with working memory-related brain activity: new evidence 
from a large sample study. Brain Structure and Function Epub ahead of print. 
Takeuchi, H., Taki, Y., Nouchi, R., Yokoyama, R., Kotozaki, Y., Nakagawa, S., 
Sekiguchi, A., Iizuka, K., Yamamoto, Y., Hanawa, S., Araki, T., Miyauchi, C.M., 
Shinada, T., Sakaki, K., Nozawa, T., Ikeda, S., Yokota, S., Daniele, M., Sassa, Y., 
Kawashima, R., 2017a. Regional homogeneity, resting-state functional connectivity and 
amplitude of low frequency fluctuation associated with creativity measured by divergent 
thinking in a sex-specific manner. Neuroimage 152. 
Takeuchi, H., Taki, Y., Nouchi, R., Yokoyama, R., Kotozaki, Y., Nakagawa, S., 
Sekiguchi, A., Iizuka, K., Yamamoto, Y., Hanawa, S., Araki, T., Miyauchi, C.M., 
Shinada, T., Sakaki, K., Sassa, Y., Nozawa, T., Ikeda, S., Yokota, S., Daniele, M., 
 51
Kawashima, R., 2017b. Creative females have larger white matter structures: evidence 
from a large sample study. Human Brain Mapping 38, 414-430. 
Takeuchi, H., Taki, Y., Sassa, Y., Hashizume, H., Sekiguchi, A., Fukushima, A., 
Kawashima, R., 2010a. Regional gray matter volume of dopaminergic system associate 
with creativity: Evidence from voxel-based morphometry Neuroimage 51, 578-585. 
Takeuchi, H., Taki, Y., Sassa, Y., Hashizume, H., Sekiguchi, A., Fukushima, A., 
Kawashima, R., 2010b. White matter structures associated with creativity: Evidence 
from diffusion tensor imaging. Neuroimage 51, 11-18. 
Takeuchi, H., Taki, Y., Sassa, Y., Hashizume, H., Sekiguchi, A., Fukushima, A., 
Kawashima, R., 2011c. Verbal working memory performance correlates with regional 
white matter structures in the fronto-parietal regions. Neuropsychologia 49, 3466-3473  
Takeuchi, H., Taki, Y., Sassa, Y., Hashizume, H., Sekiguchi, A., Fukushima, A., 
Kawashima, R., 2011d. Working memory training using mental calculation impacts 
regional gray matter of the frontal and parietal regions. PLoS ONE 6, e23175. 
Takeuchi, H., Taki, Y., Sekiguchi, A., Nouchi, R., Kotozaki, Y., Nakagawa, S., Miyauchi, 
C.M., Iizuka, K., Yokoyama, R., Shinada, T., Yamamoto, Y., Hanawa, S., Araki, T., 
Hashizume, H., Sassa, Y., Kawashima, R., 2013a. Association of hair iron levels with 
creativity and psychological variables related to creativity. Frontiers in human 
neuroscience 7, Article 875, 1-9. 
Takeuchi, H., Taki, Y., Sekiguchi, A., Nouchi, R., Kotozaki, Y., Nakagawa, S., Miyauchi, 
C.M., Iizuka, K., Yokoyama, R., Shinada, T., Yamamoto, Y., Hanawa, S., Araki, T., 
Hashizume, H., Sassa, Y., Kawashima, R., 2014b. Creativity measured by divergent 
thinking is associated with two axes of autistic characteristics. Frontiers in psychology 5, 
Article 921, 1-8. 
 52
Takeuchi, H., Taki, Y., Sekiguchi, A., Nouchi, R., Kotozaki, Y., Nakagawa, S., Miyauchi, 
C.M., Iizuka, K., Yokoyama, R., Shinada, T., Yamamoto, Y., Hanawa, S., Araki, T., 
Hashizume, H., Sassa, Y., Kawashima, R., 2015a. Brain structures in the sciences and 
humanities. Brain Structure and Function 220, 3295-3305. 
Takeuchi, H., Taki, Y., Sekuguchi, A., Hashizume, H., Nouchi, R., Sassa, Y., Kotozaki, 
Y., Miyauchi, C.M., Yokoyama, R., Iizuka, K., Nakagawa, S., Nagase, T., Kunitoki, K., 
Kawashima, R., 2015b. Mean diffusivity of globus pallidus associated with verbal 
creativity measured by divergent thinking and creativity-related temperaments in young 
healthy adults. Human Brain Mapping 36, 1808-1827. 
Takeuchi, H., Taki, Y., Thyreau, B., Sassa, Y., Hashizume, H., Sekiguchi, A., Nagase, T., 
Nouchi, R., Fukushima, A., Kawashima, R., 2013b. White matter structures associated 
with empathizing and systemizing in young adults. Neuroimage 77, 222-236. 
Takeuchi, H., Tomita, H., Taki, Y., Kikuchi, Y., Ono, C., Yu, Z., Sekiguchi, A., Nouchi, 
R., Kotozaki, Y., Nakagawa, S., 2015c. The associations among the dopamine D2 
receptor Taq1, emotional intelligence, creative potential measured by divergent thinking, 
and motivational state and these associations' sex differences. Frontiers in psychology 6, 
Article 912. 
Takeuchi, H., Tomita, H., Taki, Y., Kikuchi, Y., Ono, C., Yu, Z., Sekiguchi, A., Nouchi, 
R., Kotozaki, Y., Nakagawa, S., 2015d. Cognitive and neural correlates of the 5-repeat 
allele of the dopamine D4 receptor gene in a population lacking the 7-repeat allele. 
Neuroimage 110, 124-135. 
Tanaka, K., Okamoto, K., Tanaka, H., 2003. Manual of New Tanaka B type intelligence 
test. Kaneko Syobo, Tokyo. 
Torrance, E.P., 1966. Torrance tests of creative thinking. Scholastic Testing Service 
 53
Bensenville, Ill, Bensenville, IL. 
Treffinger, D.J., 1985. Review of the Torrance Tests of Creative Thinking. In: Mitchell 
Jr, V.J. (Ed.), The ninth mental measurements yearbook. University of Nebraska, Buros 
Institute of Mental Measurements., Lincoln, Nebraska, pp. 1632-1634. 
Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, 
N., Mazoyer, B., Joliot, M., 2002. Automated anatomical labeling of activations in SPM 
using a macroscopic anatomical parcellation of the MNI MRI single-subject brain. 
Neuroimage 15, 273-289. 
Vartanian, O., 2009. Variable attention facilitates creative problem solving. Psychology 
of Aesthetics, Creativity, and the Arts 3, 57. 
Vartanian, O., Beatty, E.L., Smith, I., Blackler, K., Lam, Q., Forbes, S., 2018. One-way 
traffic: the inferior frontal gyrus controls brain activation in the middle temporal gyrus 
and inferior parietal lobule during divergent thinking. Neuropsychologia 118, 68-78. 
Vul, E., Harris, C., Winkielman, P., Pashler, H., 2009. Reply to comments on 
“puzzlingly high correlations in fMRI studies of emotion, personality, and social 
cognition”. Perspectives on Psychological Science 4, 319-324. 
Wakabayashi, A., Baron-Cohen, S., Uchiyama, T., Yoshida, Y., Kuroda, M., 
Wheelwright, S., 2007. Empathizing and systemizing in adults with and without autism 
spectrum conditions: cross-cultural stability. Journal of Autism and Developmental 
Disorders 37, 1823-1832. 
Watanabe, T., 1998. A study on the individual differences of the experience of 
hypnagogic imagery. Shinrigaku kenkyu: The Japanese journal of psychology 68, 
478-483. 
White, H.A., Shah, P., 2006. Uninhibited imaginations: creativity in adults with 
 54
attention-deficit/hyperactivity disorder. Personality and Individual Differences 40, 
1121-1131. 
White, H.A., Shah, P., 2011. Creative style and achievement in adults with 
attention-deficit/hyperactivity disorder. Personality and Individual Differences 50, 
673-677. 
Whitfield-Gabrieli, S., Thermenos, H.W., Milanovic, S., Tsuang, M.T., Faraone, S.V., 
McCarley, R.W., Shenton, M.E., Green, A.I., Nieto-Castanon, A., LaViolette, P., 2009. 
Hyperactivity and hyperconnectivity of the default network in schizophrenia and in 
first-degree relatives of persons with schizophrenia. Proceedings of the National 
Academy of Sciences of the United States of America 106, 1279-1284. 
Wu, X., Yang, W., Tong, D., Sun, J., Chen, Q., Wei, D., Zhang, Q., Zhang, M., Qiu, J., 
2015. A meta‐analysis of neuroimaging studies on divergent thinking using activation 
likelihood estimation. Human Brain Mapping 36, 2703-2718. 
Wulanqiqige, 2014. Investigation of Evaluation of Creativity for Junior High School 
Education. Doctor thesis: School of Knowledge Science, Japan Advanced Institute of 
Science and Technology. 
Yokoyama, K., 2005. POMS Shortened Version (in Japanese). Kanekoshobo, Tokyo. 
 55
Table 1. Matrix of statistical results (simple correlation coefficients and P values) of simple correlation analyses performed for basic psychological 
variables of males (upper side) and females (lower side). 
 1 2 3 4 5 6 7 8 9 
1, S-A creativity test 
total - 
0.245 
4.80×10−11 
0.782 
9.65×10−146 
0.885 
1.46×10−233 
0.856 
4.25×10−202 
0.968 
0* 
-0.046 
0.227 
-0.012 
0.745 
0.009 
0.814 
2, S-A creativity 
Originality/fluency 
0.281 
6.46×10−11 - 
0.719 
1.86×10−112 
0.033 
0.390 
0179 
1.92×10−6 
0.026 
0.485 
0.008 
0.831 
0.008 
0.827 
0.006 
0.873 
3, S-A creativity 
originality 
0.751 
1.36×10−95 
0.783 
3.44×10−109 - 
0.627 
7.09×10−78 
0.736 
3.53×10−120 
0.603 
2.07×10−70 
0.002 
0.956 
0.018 
0.630 
0.022 
0.566 
4, S-A creativity 
fluency 
0.886 
6.15×10−175 
-0.007 
0.865 
0.579 
6.01×10−48 - 
0.874 
2.67×10−221 
0.883 
3.71×10−231 
-0.032 
0.400 
0.002 
0.952 
0.020 
0.600 
5, S-A creativity 
flexibility 
0.825 
1.63×10−130 
0.236 
1.96×10−8 
0.697 
6.73×10−77 
0.853 
6.51×10−149 - 
0.803 
9.94×10−159 
-0.057 
0.133 
-0.032 
0.391 
-0.010 
0.783 
6, S-A creativity 
elaboration 
0.963 
2.24×10−298 
0.040 
0.362 
0.549 
2.48×10−42 
0.888 
1.44×10−177 
0.761 
8.94×10−100 
- -0.059 
0.116 
-0.023 
0.542 
0.003 
0.942 
7, 0-back RT 
-0.022 
0.615 
-0.024 
0.578 
-0.043 
0.329 
-0.007 
0.868 
-0.046 
0.294 
-0.010 
0.812 
- 0.640 
5.99×10−82 
0.269 
4.45×10−13 
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8, 2-back RT 
-0.071 
0.106 
-0.045 
0.306 
-0.015 
0.016 
-0.078 
0.074 
-0.078 
0.075 
-0.049 
0.246 
0.580 
3.89×10−48 
- 0.912 
1.06×10−272 
9, 2-back RT  
– 0-back RT 
-0.074 
0.091 
-0.042 
0.344 
-0.015 
0.017 
-0.091 
0.038 
-0.070 
0.108 
-0.054 
0.221 
0.184 
2.27×10−5 
0.908 
7.25×10−198 
- 
*P values are too small and the software returns a value of “0”.  
This matrix table was constructed to reveal distinct correlation patterns among variables between males and females.  
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Table 2. Main and interaction effects of ANCOVAs for originality/fluency scores on psychological measures. 
 Originality/fluency score 
 Main effect 
[F score, 
P value (unc), 
P value (FDR)] 
Interaction 
[F score, 
P value (unc), 
P value (FDR)] 
Male 
correlation 
(r) 
Female 
correlation 
(r) 
RAPM 
(M:700, F:521) 
5.28 
0.022 
0.046* 
0.35 
0.553 
0.460 
0.086 0.046 
TBIT-Total score 
 (M:635, F:468) 
7.56 
0.006 
0.016* 
1.69 
0.194 
0.217 
0.044 0.126- 
TBIT-Perception 
speed factor 
(M:635, F:468) 
7.46 
0.006 
0.016* 
5.73 
0.017 
0.040* 
0.010 0.162 
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Digit span 
(M:635, F:468) 
3.91 
0.048 
0.084 
3.37 
0.067 
0.101 
0.004 0.117 
Vigor scale of 
POMS 
(M:656, F:486) 
0.76 
0.385 
0.368 
1.64 
0.200 
0.217 
0.064 -0.006 
Empathizing 
(M:700, F:521) 
0.26 
0.613 
0.460 
0.63 
0.428 
0.391 
0.009 -0.024 
Systemizing 
(M:700, F:521) 
14.02 
1.89 × 10−4 
6.62 × 10−4* 
1.60 
0.207 
0.217 
0.139 0.084 
 
  
 59
Table 3. Brain regions showing significant main effects of originality/fluency scores on the S-A creativity test on brain activity. 
Including gray matter areas* x y z TFCE 
score 
Corrected P 
value (FWE, 
TFCE) 
Cluster 
size 
(voxels) 
activated/ 
deactivated 
** 
r*** 
(male/ 
female) 
Positive main effect of originality/fluency on activity during the 0-back task  
Angular gyrus (R)/Calcarine Cortex (R)/Cuneus (R)/ Inferior 
parietal lobule (R)/Superior parietal lobule (R)/Postcentral 
gyrus (R)/Precentral gyrus (R)/Precuneus (R)/ Supramarginal 
gyrus (R)/ Middle temporal gyrus (R)/ Superior temporal gyrus 
(R)/ 
36 -57 9 816.83 0.0054 2938 1601/1073 0.163/0.111 
Fusiform gyrus (R)/Cerebellum (R)/ 27 -69 -21 459.23 0.0466 26 26/0 0.087/0.079 
Positive main effect of originality/fluency on activity during the 2-back task 
Calcarine Cortex (B)/ Middle cingulum (B)/Posterior cingulum 
(B)/Cuneus (B)/Inferior frontal orbital area (R)/Fusiform gyrus 
(B)/Heschl’s gyrus (R)/Hippocampus (B)/Insula (R)/Lingual 
gyrus (B)/Inferior occipital lobe (B)/Middle occipital lobe 
(B)/Superior occipital lobe (B)/Paracentral lobule 
(B)/Parahippocampal gyrus (B)/Superior parietal lobule 
(B)/Postcentral gyrus (B)/Precentral gyrus (R)/Precuneus (B)/ 
Supplemental motor area (B)/Inferior temporal gyrus 
(B)/Middle temporal gyrus (B)/Temporal pole (R)/Superior 
temporal gyrus (R)/Thalamus (B)/Cerebellum (B)/ 
-3 -63 24 826.33 0.002 5686 1368/4001 0.161/0.137 
Anterior cingulum (B)/ Superior frontal medial area (B)/ 
Superior frontal other areas (B)/ -15 51 24 575.83 0.017 448 2/445 0.152/0.067 
Middle frontal other areas (L)/ -30 60 6 438.42 0.046 1 1/0 0.061/0.065 
Precentral gyrus (L)/ -18 -27 60 438.42 0.046 2 0/2 0.049/0.065 
Positive main effect of originality/fluency on activity of the contrast (2-back – 0-back) 
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Superior frontal medial area (B)/Superior frontal other areas 
(B)/ -15 51 24 616.04 0.0142 350 0/350 0.128/0.135 
Calcarine Cortex (B)/ Posterior cingulum (L)/Cuneus (B)/ 
Precuneus (B)/ 0 -66 24 559.27 0.0206 291 0/291 0.110/0.152 
Hippocampus (R)/Lingual gyrus (R)/Parahippocampal gyrus 
(R)/ 21 -18 -18 482.89 0.0356 46 11/20 0.076/0.181 
Anterior cingulum (B)/ 3 36 18 475.2 0.0388 46 0/46 0.039/0.161 
Middle frontal medial area (L)/ 0 60 -6 454.31 0.0442 1 0/1 0.082/0.104 
Middle cingulum (L)/ -15 -45 36 444.22 0.047 3 0/3 0.035/0.157 
*Labeling of the anatomical regions of gray matter is based on the WFU PickAtlas Tool 
(http://www.fmri.wfubmc.edu/cms/software#PickAtlas/) (Maldjian et al., 2004; Maldjian et al., 2003) and the PickAtlas automated 
anatomical labeling atlas option (Tzourio-Mazoyer et al., 2002). In this atlas, temporal pole areas and some other areas include all 
subregions. Areas of the superior frontal other areas include areas of the superior frontal gyrus other than the medial, orbital, and 
medial-orbital parts of the superior frontal gyrus. Only areas with significant voxels comprising 10% or more of the cluster or areas with 
50 or more significant voxels that existed in the cluster were reported. 
**Percentage of voxels activated or deactivated during the corresponding condition (i.e., in the case of 0-back analyses, 
activity/deactivation during the 0-back task) among the whole sample (P < 0.05, FDR corrected at the voxel level). 
*** Simple correlation coefficients between mean beta estimates of significant clusters and psychological scores. Note that due to 
overfitting in whole-brain analyses (Vul et al., 2009), the correlation coefficients of significant areas are overestimated to a degree 
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depending on the sample size and number of comparisons. 
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Table 4. Brain regions showing significant interactions between originality/fluency scores and sex on brain activity. 
Including gray matter areas* x y z TFCE 
score 
Corrected 
P value 
(FWE, 
TFCE) 
Cluster 
size 
(voxels) 
activated/ 
deactivated 
** 
r*** 
(male/ 
female) 
Interaction between originality/fluency and sex on 0-back activity (positive effects in males and negative effects in females) 
Angular gyrus (B)/Calcarine Cortex (B)/Middle cingulum 
(B)/Posterior cingulum (B)/Cuneus (B)/Lingual gyrus 
(B)/Middle occipital lobe (B)/Superior occipital lobe 
(B)/Paracentral lobule (B)/ Superior parietal lobule 
(B)/Postcentral gyrus (B)/ Precuneus (B)/Rolandic operculum 
(B)/Middle temporal gyrus (L)/Superior temporal gyrus (L)/ 
-42 -57 27 652.04 0.0118 3100 589/2229 0.181/-0.085 
Middle temporal gyrus (L)/Temporal pole (L)/ -45 6 -24 491.86 0.0348 129 33/53 0.085/-0.138 
Hippocampus (L)/Parahippocampal gyrus (L)/ -27 -21 -24 490.78 0.0352 47 9/26 0.101/-0.107 
Thalamus (L)/ -9 -18 0 483.07 0.0374 61 59/1 0.123/-0.077 
Interaction between originality/fluency and activity of the contrast (2-back – 0-back) (positive effects in males and negative effects in females) 
Inferior parietal lobule (L)/Superior parietal lobule (L)/ -30 -57 39 488.67 0.0378 61 60/0 -0.143/0.126 
*Labeling of the anatomical regions of gray matter is based on the WFU PickAtlas Tool 
(http://www.fmri.wfubmc.edu/cms/software#PickAtlas/) (Maldjian et al., 2004; Maldjian et al., 2003) and the PickAtlas automated 
anatomical labeling atlas option (Tzourio-Mazoyer et al., 2002). In this atlas, temporal pole areas and some other areas include all 
subregions. Areas of the superior frontal other areas include areas of the superior frontal gyrus other than the medial, orbital, and 
medial-orbital parts of the superior frontal gyrus. Only areas with significant voxels comprising 10% or more of the cluster or areas with 
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50 or more significant voxels that existed in the cluster were reported. 
**Percentage of voxels activated or deactivated during the corresponding condition (i.e., in the case of 0-back analyses, 
activity/deactivation during the 0-back task) among the whole sample (P < 0.05, FDR corrected at the voxel level). 
*** Simple correlation coefficients between mean beta estimates of significant clusters and psychological scores. Note that due to 
overfitting in whole-brain analyses (Vul et al., 2009), the correlation coefficients of significant areas are overestimated to a degree 
depending on the sample size and number of comparisons.
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Figure legends 
Fig. 1. Distribution of the originality/fluency scores from the S-A creativity test in our 
sample. 
Fig. 2. Regions with a significant positive main effect of originality/fluency test score 
on the CMDT on brain activity. (Left panels) Originality/fluency score on the S-A 
creativity test showed a significant positive main effect on brain activity during the 
0-back task (a), and that during the 2-back task (b) and activity of the contrast of 2-back 
– 0-back. Results were obtained using a threshold of P < 0.05, corrected for multiple 
comparisons based on 5000 permutations using TFCE scores. (Middle panels) 
Scatterplots of the associations between originality/fluency score on the S-A creativity 
test and mean beta estimates of significant clusters. (Right panels) Areas deactivated 
during the corresponding conditions. All results are displayed at a height threshold of 
0.05, FDR corrected. (Left and right panels) Results are rendered on a “render” image 
or a “single-subject T1” image (in the case of section images) in SPM8. 
Fig. 3. Regions with significant interaction effects between sex and scores on the 
CMDT on brain activity. (Left panels) Originality/fluency score on the S-A creativity 
test showed significant interaction effects with sex on brain activity during the 0-back 
task. This interaction was moderated by a positive correlation in males and negative 
correlation in females. Results were obtained using a threshold of P < 0.05, corrected 
for multiple comparisons based on 5000 permutations using TFCE scores. (Middle 
panels) Scatterplots of the associations between scores on the S-A creativity test and 
mean beta estimates of significant clusters. (Right panels) Areas activated (red) and 
deactivated (blue) during the corresponding conditions. All results are displayed at a 
height threshold of 0.05, FDR corrected. (Left and right panels) Results are rendered on 
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a “render” image or a “single-subject T1” image (in the case of section images) in 
SPM8. 
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Figure 3. 
 
